The chemical composition and antibacterial activity of Nepeta nuda (Lamiaceae) essential oil were examined, as well as the association between it and standard antibiotics: tetracycline and streptomycin. The antibacterial activities of 1,8-cineole, the main constituent of N. nuda oil, individually and in combination with standard antibiotics were also determined. The interactions of the essential oil and 1,8-cineole with antibiotics toward five selected strains were evaluated using the microdilution checkerboard assay in combination with chemoinformatics methods. Oxygenated monoterpenes were the most abundant compound class in the oil (57.8%), with 1,8-cineole (46.0%) as the major compound. The essential oil exhibited in vitro antibacterial activity against all tested bacterial strains, but the activities were lower than those of the standard antibiotics. The combinations N. nuda oil-antibiotic and 1,8-cineoleantibiotic produced a predominantly antagonistic interactions. Chemoinformatics survey confirms the antagonistic interactions as a consequence of membrane potential/proton motive force dissipation. These data indicate cytochrome c oxidase as a target for 1.8-cineole toxicity action mechanisms.
The association of essential oils with antibiotics is one of the novel way to combat bacterial resistance. Essential oils are combined with antibiotics in order to improve the antimicrobial effect and to reduce the required antibiotic concentration [1] . Elucidation of the mechanism of antibacterial action based on the synergism of essential oil/antibiotic combination is not simple. Especially it is not easy to explain the mechanism of the antagonistic interaction of the essential oil/antibiotic combination [2] . To help explain this question, a cheminformatics approach was chosen. Molecular docking is a cheminformatics method which predicts the preferred orientation of one ligand when bound in an active site to form a stable complex. Docking can be used to propose binding affinity between two molecules, which has the objective of providing an explanation of how the ligands inhibit the target [3] .
The genus Nepeta includes 280 species, which have been used in folk medicine because of their antiseptic, antispasmodic, expectorant, diuretic, antitussive, antiasthmatic and febrifuge activities [4] . The Serbian flora recognizes three species of Nepeta [5] . Given the importance of N. nuda as a useful antibacterial remedy, the aim of the present study was to examine the chemical composition and antibacterial effect of the essential oil of N. nuda, as well as the association between it and the conventional antibiotics tetracycline and streptomycin. The antibacterial activity of 1,8-cineole, the main constituent of N. nuda oil, individually and in combination with the same antibiotics was also determined. In order to explain the mechanism of action of the combination of investigated substances and selected antibiotics, molecular docking was employed.
The yield of N. nuda essential oil was 0.6%, w/w. Based on GC and GC-MS analysis of the essential oil, 46 components were identified that represented 92.5% of the total detected constituents ( Table 1) . Oxygenated monoterpenes were the most abundant compound class in the oil (57.8%), and they were dominated by 1,8-cineole (46.0%). The sesquiterpene hydrocarbons (20.4%) were dominated by germacene D (6.8%).
The examined essential oil possessed antimicrobial activities against all the tested micro-organisms with MIC values ranging from 1332.8 to 21324.8 g/mL and MBC values from 5331.2 to 42649.6 g/mL (Table 2) . 1,8-Cineole was active with MIC and MBC values ranging from 5900.8 to 94412.8 g/mL. The reference antibiotics were active in the following ranges of concentration: tetracycline, 16.0 to 256.0 g/mL, and streptomycin, 4.0 to 64.0 g/mL.
The possible interactions between the essential oil and 1,8-cineole with reference antibiotics are given in Table 3 . From all the tested combinations of N. nuda essential oil-tetracycline 7 (15.6%) showed synergism, 10 (22.2%) had an additive and 28 (62.2%) an antagonistic effect. From 45 combinations of N. nuda essential oilstreptomycin, 14 (31.1%) showed synergism, while 5 (11.1%) had an additive, and 26 (57.8%) an antagonistic effect. The combination profiles of 1,8-cineole with selected antibiotics are presented in Table 3 . From 45 tested combinations of 1,8-cineole-tetracycline, 13 (28.9%) showed synergism, 12 (26.7%) had an additive and 20 (44.4%) an antagonistic effect. Out of the 45 combinations of 1,8cineole-streptomycin, 7 (15.6%) showed synergism, while 6 (13.3%) had an additive and 32 (71.1%) an antagonistic effect. In order to predict binding affinity between the examined antibacterials and the bacterial target molecules, molecular docking was used. The results of substance partition, penetration and accumulation through the cell membrane are given in Table 4 . Molecular docking data regarding interactions between the researched antibacterials and appropriate receptors are presented in Table 5 .
The dominant component of N. nuda essential oil from southeast Serbia is 1,8-cineole, which is in agreement with literature data [6] . The antibacterial activity of N. nuda essential oil and 1,8-cineole remained lower than those of the standard antibiotics. Alim et al. [7] demonstrated that the essential oil of N. nuda exhibited low activity against E. coli and S. aureus, while the oil has no activity against P. aeruginosa. In a study of the antibacterial activity of the NPC Natural Product Communications 2015 Vol. 10 No. 6 1063 -1066 In the present study, the combinations of chosen oil with selected antibiotics exhibited a predominantly antagonistic effect. The eucalyptus essential oil and its main component 1,8-cineole exhibited synergistic activity with chlorhexidine digluconate against E. coli and S. aureus [10] . As already stated, a correlation of the antibacterial activity of the oil and its chemical composition suggests that the activity of the oil could be attributed to the presence of significant concentrations of 1,8-cineole. Therefore, the antibacterial activity of 1,8-cineole individually and in combination with selected antibiotics has been studied also. The antibacterial activity of combinations of N. nuda essential oil-antibiotic are very similar to those for combinations of 1,8-cineole-antibiotic. A similarity was found in the total number of antagonistic interactions. That number is 54 for the combination of N. nuda essential oilantibiotic, and 52 for 1,8-cineole-antibiotic combinations. In order to explain this situation, molecular docking was used.
The pharmacokinetics and pharmacodynamics of tetracycline and streptomycin have been reviewed recently [11] . Bacterial sensitivity to tetracycline and streptomycin involves multi-step active transport of antibiotics across the cell membrane and their cytoplasm accumulation. These antibiotics are known to bind to a high-affinity binding site in the 30S ribosomal subunit, causing the inhibition of bacterial protein synthesis. Several binding sites have been observed, including the primary sites at 16S rRNA, protein S7 and protein S12 ( Table 5 ). The first concentration-dependent step in the active transport of tetracycline and streptomycin requires binding of their cationic structures to anionic components in the cell membrane. The subsequent steps are energy-dependent and involve the transport of the polar, highly positive charged structures across the cytoplasmic membrane, followed by interaction with the ribosomes [11] . The driving force for this energy-dependent transfer of antibiotics is membrane potential and proton gradient regulated by the cytochrome c oxidase and ATP synthase ( Table 5) .
A large amount of data is available on the mode of antibacterial action of essential oils and their components. The most frequently reported mechanisms are disruption of bacterial membranes, damage of membrane proteins (e.g. enzymes), cell content leakage, depletion of the proton motive force and coagulation of the cytoplasm [12] . One of the most important mechanisms of cell membrane toxicity by organic molecules is to diminish the energy status of the cell. The effects of molecules on the energy transduction of cell membranes were tested with cytochrome c oxidase as a proton motive force generating mechanism. The presence of the solvent tetraline caused a decrease in both the proton gradient and the membrane potential by 80% and 50%, respectively [13] . The decrease in the proton motive force is not the only reason for lower energy levels of cells in the presence of organic compounds. Additionally, the presence of molecules leads to an impaired ATP synthesis, due to a partial inhibition of the ATP synthase activity and other proteins engaged in the energy transducing process [15] . Also, the high concentration of organic molecules in the cell membrane could produce a passive flux of ions, leading to dissipation of the proton gradient, membrane potential and proton motive force [13] .
Nepeta nuda essential oil Natural Product Communications Vol. 10 (6) 2015 1065 To improve the efficacy of antibiotics, it is necessary to find methods of improving their diffusion across bacterial membranes and/or to hinder the efflux pumps that are a general resistance mechanism in Gram-negative bacteria [16] . Although the site of action of individual essential oil components has been established in many cases, the mechanism is still not completely understood; filling these gaps in scientific knowledge will assist in finding synergistic combinations and avoiding antagonistic ones [12] .
In the present study, we investigated the combining effects of N. nuda oil and 1,8-cineole with ribosome 30S inhibitors, in order to clarify antagonistic behavior in some antibiotic-essential oil or antibiotic-substance combinations [12] . It was determined that the cell membrane concentration of 1,8-cineole was a minimum of 3.4×10 4 times greater than the concentration of used antibiotics (Table 4 ). Also the results showed that the binding energy of 1,8cineole to ribosome 30S receptors was much lower compared with antibiotics ( Table 5 ). These computational results, combined with experimental data ( Table 3) , suggest that antagonistic interactions in examining systems were not a consequence of the antimicrobial action at the same target [12] , but an outcome of membrane potential/proton motive force dissipation [13] . This hypothesis was confirmed by the high binding energies of 1,8-cineole to cytochrome c oxidase and ATP synthase ( Table 5 ). The binding affinity of 1,8-cineole to cytochrome c oxidase ( Table 5 ) was comparable with the calculated affinity (-7.2 kcal/mol) of the specialized cytochrome c oxidase inhibitor-antimycin [17] . Having in mind that ATP-energy is not quite enough for streptomycin transport to ribosomes [11] , and that ATP-synthesis is directly driven by the respiratory chain, we assume that cytochrome c oxidase would be the preferably target of 1,8-cineole. This hypothesis was also confirmed by Vina score results of 1,8-cineole to ATP synthase (Table 5) , which was much lower compared with a calculated score of ATP synthase inhibitor-oligomycin (-14.8 kcal/mol).
Finally, in the present study, the chemical composition and antibacterial activity of N. nuda essential oil were examined, as well as the association between it and standard antibiotics: tetracycline and streptomycin. The antibacterial activities of 1,8-cineole, the main constituent of N. nuda oil, individually and in combination with standard antibiotics were also determined. It was shown that oxygenated monoterpenes, with 1,8-cineole as the dominant constituent, were the most abundant compound class of the essential oil of N. nuda from southeast Serbia. The researched essential oil exhibited in vitro antibacterial activity against all the tested bacterial strains, but the activities were lower than those of the standard antibiotics. The combinations N. nuda oil-antibiotic and 1,8-cineole-antibiotic produced predominantly antagonistic interactions. The chemoinformatics survey confirms the antagonistic interactions as a consequence of membrane potential/proton motive force dissipation. These data indicate cytochrome c oxidase as a target for 1,8-cineole toxicity action mechanisms.
